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Rapid deformation of thin gold layers in polymer matrices studied
by x-ray reflectivity
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We have used x-ray reflectivity to measure the morphological profiles of thin Au layers of three
different average thicknesses sandwiched between two polystyrene layers with different molecular
weights. The results showed that the equilibrium structures of the samples with the layers less than
4 nm thick, where discontinuous islands are expected, were very close to those of the nonannealed
samples. However, the morphologies of samples with layers more than 4 nm thick, where a
continuous layer structure was formed, were influenced by annealing. Comparison of transmission
electron micrographs from unannealed and annealed samples showed that annealing promotes
spherical shapes for the Au particles and breakup of an elongated, randomly connected structure
visible prior to the annealing. The fractional area covered with Au obtained from transmission
electron microscopy images is in good agreement with x-ray reflectivity results. These results were
interpreted in terms of capillarity induced spheroidization of the ultrathin Au layers. ©2003
American Institute of Physics.@DOI: 10.1063/1.1591414#
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I. INTRODUCTION

Metal nanoparticles have been extensively studied
cause of their unique optical, magnetic and electro
properties.1–3The desire to develop metal/polymer nanoco
posites tailored for particular applications has generated
terest in the characterization of metal nanoparticles on p
mer substrates.4–6 Polymers are often used in thin film
geometries in such applications as low-k dielectric inter-
layers, insulators and adhesives of fabricated metallic st
tures in integrated applications.7,8 However, the substantia
differences in the physical properties of these materials
quently cause unexpected problems; this is particularly
of their interfacial properties~i.e., weak adhesion, crackin
or distortion!, which negatively impact device density an
performance in integrated circuits.9 Understanding of the
metal/polymer interface is also important for fundamen
issues including dewetting,10 diffusion,11 and surface wave
spectra.12

Numerous studies have focused on the behavior of t
mally evaporated metallic particles on polymer substra
and shown that the physical properties at the metal/poly
interface are complex.4,11–19When the metallic particles ar
placed on the polymer surface, the deposited metals exhi
strong clustering tendency that is characterized by nu
ation, growth and coalescence. This typically results in s
regation of metals on the polymer surface through the form
tion of large particles.13–16 The evolution of these particle
can also be influenced by the presence of air/polymer in
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face~s!. For example, when such systems are heated ab
the glass transition temperature of the polymer substrate
assembled noble metal clusters tend to diffuse into the p
mer substrate.14,15 In this case, the total free energy asso
ated with the various interfaces acts as the driving force
the phenomena. The morphological evolution of such me
lized polymer composites during annealing is expected to
a function of the average metal layer thickness, or, m
specifically, the average metallic particle size and int
particle spacing. However, such evolution has not been qu
titatively investigated.

Many groups have employed gold nanoparticles in
polymer matrix as markers to increase the contrast betw
two chemically identical polymer layers.14,17,18When distrib-
uted sparsely at the interface of two polymer layers, su
particles permit the interdiffusion dynamics of the polym
layers to be monitored. For such applications the interac
of the noble nanoparticles with the polymer molecules m
be minimal so as not to alter the intrinsic polymer properti
However, a recent study utilizing Rutherford backscatter
spectroscopy~RBS!11 to study the interaction between poly
mer and gold nanoparticles showed that substantial diffus
of gold particles can occur in polymer matrices, a serio
problem for interfacial marking applications. The rheologic
properties of the gold nanoparticles in the polymer matr
including molecular mobility and viscosity, were found
vary substantially due to interactions between the polym
chains and the metal particles. Factors including part
size, effective cross-linking of polymers, and their intera
tions at the interface appeared to affect the results.

There have been numerous studies of gold nanocom
ites using scattering techniques with focused beams. S
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techniques are highly surface sensitive due to the large s
tering cross sections of the interfaces.11,14,17–19Examples of
such studies include the use of x-ray reflectivity~XR! to
probe the position of the gold particles in a polymer matri18

as well as the use of RBS to profile the displacement of g
markers11,17already noted. A combined study of x-ray refle
tion and standing wave fluorescence spectroscopy has
been used to probe small volume fractions of gold nanop
ticles inside polymer thin films.19 However, due to the rela
tively low resolution~2–8 nm! of the measurements in th
noted studies, none permitted detailed analysis of the st
ture or evolution of the gold nanoparticles themselves.

Sandwiched metallized polymer thin films, where bo
surfaces of the metallic layer are in contact with polym
layers, permit investigation of the metal-polymer interacti
without the complications posed by a free surface. Structu
with gold layers of different average thickness between t
thin polystyrene~PS! layers were fabricated for this stud
X-ray reflectivity was used to quantify both the evolution
the gold nanoparticles into which the gold layers were
posited, or evolved during annealing, as well as the evolu
of the polymer/polymer interface. The samples were stud
ex situduring interrupted anneals.

In this article, a Fourier method for analyzing XR da
was used to increase XR sensitivity.20,21 This technique uses
different limits of integration inq space so that interfacia
parameters can be determined with high accuracy even w
the density profile of the structure being examined is co
plex. The detailed structure of the gold nanoparticles at
nanoscale was thus monitored, permitting examination of
interaction between the nanoparticles and the polymer
trix. Transmission electron microscopy~TEM! was also used
to obtain microstructural information for comparison.

II. EXPERIMENTS

A. Experimental procedure

The two polymers with different molecular weights us
in this study are deuterated polystyrene (Mw /Mn51.04),
designated as PSs , of Mw552.3 k and hydrogenated poly
styrenes (Mw /Mn51.04) designated as PS, , of Mw

5168.5 k.22 Specimens were fabricated by first spin coati
a PSs layer of approximately 60 nm onto a clean silico
wafer from toluene solution. Next a gold layer of the r
quired average thickness was deposited on top of the firsts

layer using an electron beam evaporator source. The so
material was 99.99% gold in a graphite crucible. The s
strates were clamped to a water-cooled block for the dep
tion, and a deposition rate of'0.2 nm/s was used. The bas
vacuum of the system prior to deposition was mid 1026 Pa
(1028 Torr) range or better, though pressures in the h
1025 Pa were reached during deposition as the presenc
the PS layer precluded use of a pre-bake or pre-depos
step to remove contaminants adsorbed on the surfaces in
the chamber. Five different specimens were fabricated w
the average thickness of the gold films (dAu) ranging from
2.5 to 7 nm. Finally, for the top layers, PS, layers'70 nm
thick were spun onto a clean glass substrate. These fi
Downloaded 07 Feb 2007 to 198.30.120.36. Redistribution subject to AIP
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were floated on distilled water and deposited onto the Au/s

covered substrate@Fig. 1~a! shows a schematic of the spec
mens#.

The geometries of the Au/PSs structures was characte
ized by XR prior to addition of the PS, layer. The full
PS, /Au/PSs structures were also characterized prior to a
nealing. Subsequent XR studies were conducted by interr
ing specimen annealing every 10 min. This time interva

FIG. 1. ~a! A schematic structure of a gold layer confined at two polym
thin layers.~b! X-ray reflectivity data of a gold layer confined at two poly
mer thin layers. The solid line represents the best fits to the experime
data points. Inset: Fourier intensities obtained with a cutoff,qz, low

50.95 nm21 chosen in Fig. 1~b!. Arrows in the inset indicate the Fourie
peaks from the thicknesses of the gold, PSs , PS, , and total layer, respec-
tively ~from the left!. ~c! The open triangles are the total dispersion profi
used to obtain the fits in~b!. The thick lines indicate respective layer profile
of the PSs and the PS, , and dots give the gold profile between the layer
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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close to the estimated 700 s reptation time of the bott
layer at the 120 °C annealing temperature, which is hig
than the'100 °C bulk glass transition temperature. Spe
men annealing was done in a vacuum of'1024 Pa.

XR was performed in the standard symmetric reflect
geometry using a two-axis reflectometer with a CuKa
source. In this geometry, the scattering wave-vector tran
is given byqz54p/l sin(u) and is varied by changing th
angleu between the specimen normal and the incident ra
tion. The detector, at 2u, meets the specular condition. Th
horizontal detector slits were wide open to achieve integ
tion overqy and the vertical slit in front of the analyzer wa
set to 0.2 mm defining theqx and qz resolutions. Specula
scattering is sensitive to variation of the electron dens
r(z) in the direction of the surface normal, averaged in
(x,y)-plane region being studied, making these results s
sitive to the layer thickness, density contrast and interfa
roughness.

B. Data analysis procedure

Figure 1~b! shows representative reflectivity data vers
qz from a Au film of 5.7 nm average thickness sandwich
between a 60-nm-thick PS, layer and a 40-nm-thick PSs

layer on the silicon substrate. This sample was annealed
120 min at 120 °C. The solid line in the figure is the
calculated by the Parratt algorithm23 with the modeled den-
sity profile in the region of the gold layer optimized to fit th
experimental data~and assuming oxide-covered Si!. The fit
has been obtained as follows. The dispersiond is expressed
in terms of the electron densityrel using d5l2relr o/2p
where r o is the classical electron radius (2.8
310213 cm213), the wavelengthl is ~0.155 nm! for 8 keV
from Cu Ka andrel is the electron density of the materia
Neglecting absorption, the indices of refractionn[12d are
nAu5124.77331025 ~using rel54.4183103 e2/nm3) and
nPS51 – 3.60231026 ~usingrel53.343102 e2/nm3) for Au
and PS, respectively. In fitting the scattering data, the e
tron density~equivalently the dispersiond! at each interface
was modeled as a hyperbolic tangent function having a p
ability density with rms roughness consistent with variati
of the layer thickness within the plane of the specimen.24

As Reiteret al.18 pointed out, the overall reflectivity o
Au embedded systems is often dominated by a high refl
tance from the Au-PS, interface. Thus, the underlying infor
mation, especially from the bottom PS layer (PSs) is often
considered insignificant and ignored. To overcome this pr
lem, we used an analysis that helps to amplify the inten
from weakly scattering interfaces during the fitting proce
In Fig. 1~b!, the sandwiched Au layer with;50% coverage
produces a complex interference pattern with several co
lated frequencies arising from the thicknesses of the top la
(PS,), bottom layer (PSs), combined polymer and gold lay
ers (PS,1Au and Au1PSs), and total thickness (PS,1Au
1PSs). To enhance the signals from these interfaces,
take the Fourier back transformation~FBT! of the scattering
intensity, I (qz), as introduced by Seecket al.20 Following
the Fourier method described in Ref. 20, the Fourier inten
(F) is given by, F(d,qz, low)5u*q

qz,up qz
4Î (qz)exp(iqzd)dqzu2,
z, low
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whered is distance from the substrate in real space. In t
case each layer gives a unique peak in theI (d) phase space
The shape of the peaks becomes a sensitive function of
interfacial widths, the ratio of the roughnesses and the lowqz

cutoff, qz, low . In addition, this method allows one to differ
entiate between the roughnesses at the Au/PS, interface and
at the two Au/PSs interfaces. In particular, asqz, low , is in-
creased, the amplitude of the peak corresponding to
rougher of the interfaces decreases. The positions of the
interfaces are readily distinguished by theird values. An ex-
ample data set, which is Fourier transformed with a cuto
qz, low50.95 nm21 indicated in Fig. 1~b!, is shown in the
inset to Fig. 1~b!. The four peaks corresponding to the go
PSs , PS, and total film thicknesses are evident. Sm
changes at the interfaces can be more readily resolved
fitting this Fourier transformation~FT! curve simultaneously
with the entirety of the untransformed XR data. In this stu
fits to the reflectivity data were done using this FT metho
where three FTs with differentqz, low arbitrarily were used in
a x2 minimization process. Figure 1~c! shows thed profile,
as a function of distancez from the Si surface that was use
to fit the reflectivity data. More detailed descriptions of t
data analysis technique can be found in the literature.20,21

III. RESULTS AND DISCUSSION

A. Experimental data and modeling results

Figures 2~a!–2~c! show the XR data from three repre
sentative specimens. They differ only in the thicknesses
the gold layers. The solid lines are the fits obtained from
corresponding volume fraction profiles, consisting of a hig
density region of gold in the middle and two low-densi
regions of PS on either side. Each layer is modeled us
three adjustable fitting parameters: thickness (d), electron
density (rel) and roughness~r! for the interface between tha
layer and the next layer away from the Si substrate. Figu
3~a!–3~c! show the distribution of the gold corresponding
the fits of Figs. 2~a!–2~c!, respectively, as a volume fractio
fAu , which equalsrel(z)/rAu , where rAu is the electron
density of bulk gold at an incident energy of 8 keV (4.41
3103 e2/nm3) along the surface normal. The detailed fittin
parameters used are listed in Table I.

Figure 2~a! shows specular reflectivity data for the spe
men with the thinnest Au layer at accumulated anneal
timest50, 30 and 240 min~from the top!. Length scales and
composition profiles were obtained by fitting the scatter
data. A pronounced low frequency oscillation, with a fir
minimum atqz'2.1 nm21, indicates that the average thick
ness of the gold layer prior to annealing isdAu'2.9 nm with
relatively sharp interfaces of 0.8 and 0.7 nm for the PSs /Au
and Au/PS, interfaces, respectively; the solid circles in Fi
3~a! give the corresponding Au profile. The maximum ar
fraction of Au, occurring essentially at the midplane of t
Au layer, is fAu'0.45. This indicates formation of a non
continuous structure within the Au layer. Two oscillation
with higher frequencies arise from the thickness of the
films; beating is visible in the signal because the frequenc
are similar. The small amplitude oscillation at the highe
frequency arises from the thickness of the entire laye
struc-
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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2118 J. Appl. Phys., Vol. 94, No. 3, 1 August 2003 Shin et al.
ture. Figures 2~b! and 2~c! show the reflectivity profiles ob
tained from specimens with thicker Au layers. The lo
frequency oscillations are more pronounced, indicat
sharper interfaces, and the Kiessig fringes are at higher
quencies. The Au distributions obtained from fitting the d
are shown in Figs. 3~b! and 3~c!. The average Au layer thick
nesses are 3.7 and 5.7 nm, respectively, with higher m
mum area coverages,fAu50.55 andfAu50.75.

FIG. 2. X-ray reflectivity data of gold layers with various thicknesses c
fined between two PS layers,~a! d52.9 nm, ~b! d53.7 nm and~c! d
55.7 nm at indicated annealing times. The solid curves are fits, with
for different annealing times offset vertically for easier viewing.
Downloaded 07 Feb 2007 to 198.30.120.36. Redistribution subject to AIP
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After annealing for 30 min at 120 °C, the low frequenc
oscillation essentially disappears from the reflectivity profi
of the specimen withdAu'2.9 nm @Fig. 2~a!#. The loss of
this signal indicates broadening of the metal-polymer int
faces due to decreased sharpness of the interfaces.
broadening arises from deformation of the gold layers
broadening by interdiffusion is not possible for the Au-P
system. The open circles in Fig. 3~a! show the corresponding
Au distribution obtained from analysis of the XR data. T
interface roughnessessPSs-Au and sPS,-Au have increased,25

the volume fraction of gold at the midplane of the gold lay
has decreased slightly, and the region containing the g
particles has thickened~see Table I!. The center of the gold

-

ta

FIG. 3. The Au volume fractions of gold layers with various thicknesses~a!
d52.9 nm,~b! d53.7 nm and~c! d55.7 nm confined between two PS lay
ers, at indicated annealing times are obtained from the fits of Figs. 2~a!–
2~c!, respectively. The distancez is relative to the substrate.
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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TABLE I. Electron densities and thicknesses obtained from the specular reflectivity data fits. The typical errors of the thickness are 0.1–0.2 nm.rrors
of the electron densities and roughnesses are 5% and 10% of the value, respectively.

t
~min!

PSs Au PS,

dPSs

~nm!
dPSs

~nm!
sPSs-Au

~nm!
dAu

~nm!
dAu

~nm! fAu

sPS,-Au

~nm!
dPS,

~nm!
dPS,

~nm!
sPS,

-air
~nm!

Parameters for Fig. 2~a!
0 60.7 0.36 0.8 2.9 2.20 0.46 0.7 67.7 0.36 0.5

30 59.6 0.36 1.4 2.9 2.14 0.45 1.3 66.4 0.36 0.7
240 59.5 0.36 1.3 2.9 2.17 0.45 1.3 66.2 0.36 0.7

Parameters for Fig. 2~b!
0 59.9 0.36 0.7 3.6 2.63 0.55 1.1 74.9 0.36 0.6

30 59.3 0.36 1.9 3.7 2.57 0.55 2.2 74.9 0.36 0.6
240 59.1 0.36 1.8 3.8 2.59 0.54 1.9 74.7 0.36 0.5

Parameters for Fig. 2~c!
0 56.1 0.36 0.8 5.7 3.29 0.73 1.1 75.9 0.36 0.7

30 55.7 0.36 2.4 5.7 2.90 0.60 2.2 75.8 0.36 0.7
960 54.7 0.36 2.6 6.0 2.50 0.52 2.2 76.2 0.36 0.7
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layer has also moved toward the substrate during the ann
ing as indicated by the 1.1 nm decrease of the PSs layer
thickness. Subsequent change of the profile during fur
annealing for a total of 240 min is minimal, implying tha
equilibrium of this system has been reached during the
30 min of annealing~ignoring the much slower coarsening
the ensemble of gold particles and interdiffusion of the
layers!.

The other specimens behaved similarly. After 1800 s~30
min! of annealing the low frequency oscillations disappea
@Figs. 2~b! and 2~c!# and the gold layers shifted in the low
Mw polymer (PSs) direction by 0.6 and 0.4 nm@Figs. 3~b!
and 3~c!, respectively#. Figure 4 summarizes the data on d
placements of the Au layers for these three specimens.
majority of the displacement occurs within the first 30 min
annealing. More work is in progress to investigate if there
a net flux of polymer across the gold layer during long
anneals. If there is, and it is controlled by diffusion of t
low-Mw polymer, diffusion coefficientDs , then displace-
ment of the Au layer with timet is expected to be propor
tional to (Dst)

1/2.17,18 This deformation was observed on
when the Au layer was confined between two PS layers.

FIG. 4. Time dependence of the displacement distance of Au layers bet
PS layers for specimens withd52.9 nm ~squares!, d53.7 nm ~triangles!
andd55.7 nm~circles!.
Downloaded 07 Feb 2007 to 198.30.120.36. Redistribution subject to AIP
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comparable change in the Au layer was observed even a
10 h at 160 °C in the absence of the top PS layer.

Because the structural evolution is related to the mot
of both gold atoms and polymer molecules along the int
faces, one might expect the slower process to limit the
formation. The motion of polymers in the melt can be d
scribed in terms of a reptation model that predicts the per
of time required for a polymer chain to diffuse out of i
contour. The reptation timetPSs

of PSs layer (Mw

552.3 kg/mol) at 120 °C is 700 s; this is significant
shorter than the reptation timetPS,

523 600 s of PS, (Mw

5168.5 kg/mol) at this temperature. In light of the relative
large reptation time of the PS, , the substantial morphologi
cal deformation obtained at the Au/PS, interface during the
30 min anneals would seem unexpected. The time dep
dence of the detailed profiles will be discussed later.

B. Interpretation of XR results

The low maximum area coveragesfAu for the non-
annealed samples, e.g.,,50% of bulk value for dAu

'2.9 nm @Figs. 3~a!–3~c!#, are consistent with preexistin
intercalation of the polymer matrix and gold nanoparticle
The apparent decrease of the gold volume fractionfAu at the
midplane during annealing is consistent with Au movi
away from the midplane during spheroidization of initial
‘‘flat’’ gold particles due to capillary driving forces~interface
free energy minimization!. The decrease of the PSs layer
thicknesses, indicating penetration of additional low-Mw

polymer into the gold layers during this process, might
associated with such a change in particle shape or migra
of the Au particles into the low-Mw polymer to further re-
duce interfacial energy. The relatively constant thickness
the PS, layers throughout the annealing process indica
minimal deformation of the high-Mw polymer, appropriate
for its higher viscosity~the diffusion coefficient of the uppe
layer with Mw5168 k is expected to be at least ten tim
smaller (1.0310217 cm2/s) than that of the bottom laye
(1.1310216 cm2/s) with Mw552 k at 120 °C).17

en
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C. Discussion of midplane Au coverage results

An atomic force microscope topography image~data is
not shown in this article! of the 5.4-nm-thick Au film depos-
ited on PSs surface indicates that a smooth surface has b
formed. No sign of discontinuous gold films was observ
Therefore, a continuous layer structure, prior to annealing
suggested at this thickness, in contrast to the layers w
dAu,4 nm. The maximum fractionfAu of Au for the nonan-
nealed samples~essentially the value at the midplane! is plot-
ted against the average Au thicknessdAu in Fig. 5 ~solid
circles!. The maximum fractionfAu changes rapidly with
dAu from 2 to 4 nm then changes less rapidly for thicker A
layers. This result implies a change in the morphology of
deposited Au layers occurs by approximately 4 nm of
deposition. It is proposed here that the morphology chang
substantial impingement of Au particles that are isolated
thinner Au layers.

The open circles in Fig. 5 represent thefAu of the gold
layers in samples after 240 min of annealing. From the
ure, fordAu,4 nm, the values are very close to those for t
nonannealed samples, indicating no significant morpholo
cal change of the Au particles during annealing. In contr
for dAu.4 nm, the volume fractions at the center of the A
layer decrease significantly during annealing. Both these
sults are consistent with the existence of isolated particles
the thinner layers and significantly impinged particles in
thicker layers proposed above.

Figure 6~a! depicts the time dependence during anne
ing of the normalized maximum density of the gold for a
three specimens. After 30 min of annealing, the gold de
ties reached an equilibrium state, with the PS molecules
cupying the interstitial volume. Assuming that the cluste
are spherical with an average diameter, the morpholog
structures, including the size of the gold clusters and
inter-cluster distance, can be estimated. Specifically, if
particles are spheres~either as deposited or after annealin
induced spheroidization!, the Au particle radiusr Au , the par-
ticle spacinga, and the average Au thicknessd are related
by

FIG. 5. Volume fraction vs thickness of the condensed gold layers, be
annealing~solid circles! and after annealing~open circles!. The solid lines
are used only to guide the eye to the transition region at about 4.0 nm
Downloaded 07 Feb 2007 to 198.30.120.36. Redistribution subject to AIP
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3 5da2. ~1!

This will apply until impingement of adjacent particles o
curs for

2r crit5a. ~2!

From these two relationships, one immediately obtains

dcrit5
p

6
a ~3!

as the Au layer thickness at which impingement is predic
to occur. From the micrograph in Fig. 7~b!, a is equal to
approximately 15 nmafter breakdown of the connecte
structure~value for a square array using the 112 partic
visible in the 256 nm2 area of the micrograph!. Specimens
with dAu.dcrit would be expected to possess significant p
ticle impingement. A corresponding decrease offAu upon
annealing of these specimens in particular would also be
pected. It is straightforward to predict the functional form
fAu versus film thicknessdAu using Eq.~1!, with the particle
spacinga obtained from TEM results, for the films wher
impingement is not significant (dAu,dcrit) and a form that
accounts for overlap once impingement occurs.

When Au coverage of the PSs surface is discontinuous
spheroidization involves only the rounding of the ma
within the original, already circular in cross section, partic

re

FIG. 6. Time dependence of~a! the maximum volume fraction of the gold
layers, and~b! the average roughnesses ofsPSs-Au andsPS,-Au obtained for
specimens withd52.9 nm ~squares!, d53.7 nm ~triangles! andd55.7 nm
~circles!. The errors of the volume fractions and roughnesses are 5%
10% of the value, respectively.
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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The fact that the rapid deformation of the interfaces occ
only for Au layers more than 4 nm thick, where connectiv
of the Au particles in the unannealed specimen is eviden
consistent with this proposed mechanism. The reduced
nectivity and more circular cross sections of the Au partic
in the annealed specimens, consistent with spherical
ticles, are also consistent. These results show that the d
mation process of Au layers confined between PS layer
highly dependent on the average layer thickness for va
up to 6 nm.

The deformation process can be further analyzed
comparing the roughnesss obtained from fitting the specula
reflectivity. The values of obtained for different samples a
compared as functions of annealing time in Fig 6~b! where
the average values ofsPSs-Au and sPS,-Au obtained are
shown. The growth of roughness will begin as the Au p
ticles spheroidize and separate, with associated diffusio
PS molecules into the inter-cluster area. From the figure,
evident that, in contrast to the two thinner Au layers, a ra
broadening of occurs after 10 min of annealing for the thi
est Au sample.

D. Transmission electron microscopy

Structural information for the specimens was also o
tained using planview TEM. The sandwiched Au films we

FIG. 7. Transmission electron micrograph of PSs /Au3(d55.7 nm)/PS, film
~a! before and~b! after annealing for 6000 s. Insets are the FFTs of
corresponding TEM data. Note that the floating procedure requires
specimens to contact boiling basic water.
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floated off the oxide-covered silicon substrates by immers
in a boiling NaOH solution after which they were lifted d
rectly onto TEM grids for study in the microscope. The a
erage Au particle size and geometry, as well as the in
particle spacing in the polymer matrix, were then determin
from scanned negatives using the UTHSCSA ImageToo26

Figures 7~a! and 6~b! are planview TEM micrographs from
the specimen withdAu'5.7 nm before~a! and after~b! an-
nealing for 100 min at 120 °C, respectively. The Au partic
appear as the darker regions. Note that, because of the T
specimen fabrication procedure, even the pre-anneal sp
mens do not necessarily possess the true as-deposited m
structure. Nonetheless, comparison of the pre-anneal
postanneal specimens is still instructive.

From Fig. 7~a!, the gold layer exhibits a thickness mod
lation with a well-defined width and a fairly broad range
lengths. The characteristic wavelengths in the gold morph
ogy can be quantified by fast Fourier transform~FFT! of the
figure, where it gives rise to the ring pattern of intens
@inset to Fig. 7~a!#. The inner diameter of the ring corre
sponds to the average long dimension of the particles,
the outer diameter to the average short dimension. Us
UTHSCSA ImageTool, values of 19610 and 964 nm are
obtained for the long dimension and the short dimensi
respectively. That the FFT is radially symmetric indicates
random orientation of the pattern in the plane of the int
face.

Comparison of Figs. 7~a! and 7~b! shows that increased
annealing leads to a spherical shape for the gold partic
The diameter of the ring in the FFT indicates the avera
diameter of the particles while the breadth of the ring ari
from the range of particle sizes and spacings. These pres
ably result from the stochastic nature of the coarsening
breakup from the elongated random structure visible prio
the annealing. The fractional area covered with Au obtain
from the TEM images is in good agreement with the x-r
data~in Fig. 5!.

IV. CONCLUSION

We have used XR to measure the morphological profi
of thin Au layers of three different average thicknesses sa
wiched between two polystyrene layers with different m
lecular weights,Mw552.3 k andMw5168.5 k. The results
showed that the equilibrium structures of the samples w
the thinnest layers (dAu,4 nm), where discontinuous island
are expected, were very close to those of the nonanne
samples. Annealing of specimensdAu.4 nm, where a con-
tinuous layer structure was formed, resulted in deformat
of the Au layers. This occurred in a period of time that w
relatively short compared to the reptation times of the m
viscous of the polymer matrices. Comparison of the TE
micrographs from the before and after annealed sam
showed that increased annealing leads to a spherical s
for the Au particles from the stochastic nature of the coa
ening and breakup from the elongated random structure
ible prior to the annealing. The fractional area covered w
Au obtained from the TEM images is in good agreeme

e
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with the x-ray data. These results were interpreted in te
of capillarity induced spheroidization of the ultrathin A
layers.
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